Animal research guidelines emphasize the need for researchers to be able to euthanize animals when required. Some field biologists rarely encounter the need to euthanatize animals, so may not develop competence or feel confident in the use of physical means. At the same time, there are increasing restrictions on the types of drugs that can be used in the field, and veterinary assistance may be far away should it be needed. For these situations, there is a pressing need for a transportable and reliable method of euthanizing animals. The use of CO 2 has been recommended for euthanasia for a variety of taxa so a small and lightweight euthanasia device was developed using a mini-regulator and a pre-set outlet tap to deliver CO 2 at rates suitable to comply with veterinary guidelines. The device and the necessary CO 2 cartridges can easily be stored and transported in a small container that can also act as the receiving chamber.
Around the world, guidelines such as those developed by the American Society of Mammalogists (Sikes et al. 2016 ) and the Australian National Health and Medical Research Council (NHMRC 2013) provide advice on the ethical use of animals in teaching, research, and surveys. One of the aims of such guidelines is to reduce the impacts of use on the animals involved, but there are circumstances when individual animals may need to be euthanized. During field surveys, this may be because the animal is unhealthy or injured and cannot be returned to the wild population, or because it is an animal that may be illegal to release, such as an introduced pest rodent. Under laboratory conditions, the necessary equipment for euthanasia can easily be made available, and in urban areas timely access to veterinary assistance is possible. Farther afield, biologists conducting research that involves catch and release may have to occasionally deal with such situations by themselves.
Methods of euthanasia currently available to the field biologist may be legally limited due to licensing restrictions on the possession and administration of drugs such as barbiturates and anesthetics. Physical methods of euthanasia such as blunt force trauma or cervical dislocation require some expertise and confidence to be carried out effectively, and these skills are difficult to maintain if the procedures are only rarely performed by an individual. Furthermore, such manual procedures are more difficult to perform if the animal is struggling. Guidelines developed by the American Society of Mammalogists state that animals can be anaesthetized to immobilize them before such procedures are carried out to reduce the risk of injury to both the operator and the animal (Sikes et al. 2016) ; however, some of the chemicals that could be used may have restricted availability or have unwanted impacts on the animal involved. For these reasons, there is a need for a simple-to-use method for biologists who may occasionally need to euthanize animals, but who feel unable to use physical methods alone. Hawkins et al. (2006) conclude that the use of carbon dioxide (CO 2 ) is an acceptable method for euthanizing laboratory rodents when CO 2 is delivered at an air displacement rate of 10-30% per minute (as opposed to immersion in a concentrated atmosphere of CO 2 ). The American Veterinary Medical Association (AVMA 2013) guidelines extends this to many mammals and birds of certain ages, with potential application to other taxa. Similarly, Reilly (2001) lists a number of mammals, including marsupials, for which the use of CO 2 is considered appropriate, and recommends the displacement method as preferable to the immersion method. The displacement method requires that animals must be retained in a container of a fixed volume (i.e., the chamber must not inflate) and the CO 2 must be introduced as a stream displacing the contained air through suitable outlet(s) (i.e., the chamber does not pressurize). The AVMA (2013) guidelines recommend that the flow be continued until at least 1 min after the animal has ceased breathing. A secondary method of killing can be applied to the unconscious animal after it is removed from the chamber if necessary to ensure death, but at a minimum it must be thoroughly checked for signs of life and the process repeated if the researcher is unsure that death has occurred. The use of CO 2 results in no harmful residues in the body of the animal so risks of secondary poisoning of scavengers, such as with barbiturates, are avoided. In addition, the body may be sufficiently intact to warrant lodging with a museum collection rather than being discarded.
Such CO 2 systems are available and widely used in largescale systems using a cylinder containing 31 kg (over 15,000 liters) of CO 2 with a regulator and flow meter to control the delivery of the gas into a receiving chamber. The chamber may be large enough to hold the home cage of the animals being euthanized, hence requires a large flow rate. Due to the large volumes of gas used in confined spaces, gas extraction systems and gas detection alarms are typically required. Smaller cylinders containing 1 kg of CO 2 (ca. 500 liters), and weighing around 4 kg when full, are available and could be sufficient for several hundred uses depending on the receiving chamber volume and species being euthanized. Their smaller size makes transportation easier, but transport incurs safety recommendations or mandatory requirements, such as the isolation of cylinders from vehicle passengers, the orientation of safety release mechanisms, the use of safety covers over outlets, and the prohibition of air transport. These requirements vary between jurisdictions and need to be considered when taking such equipment into the field.
For researchers who rarely have to euthanize animals, only small volumes of CO 2 are required in the field, so the aim of this work was to develop a small-scale delivery system that is compact and robust for field applications, holds small amounts (that would not be hazardous if leakage occurred in a vehicle), and is light enough to be carried by a person operating far from a vehicle or base camp (e.g., while checking trap lines by foot).
Materials and Methods
The specific aim of this work was to develop a delivery system to discharge CO 2 at a rate that would satisfy the AVMA (2013) guidelines for filling a 2-liter-sized container suitable for euthanizing small mammals. The specific target was to achieve the mid-range rate of 20% air displacement per minute (400 ml/min for a 2-liter container). Because CO 2 is already recommended for this purpose, no animals were involved in these trials.
Three sources of CO 2 that could be taken into field situations for prolonged periods were identified: chemical production of CO 2 by mixing sodium bicarbonate and acetic acid in a sealed vessel; household drink carbonating machines; and small, disposable CO 2 cartridges using dedicated tap mechanisms. Preliminary tests on the first 2 sources showed them to be fragile or bulky, so they were immediately discounted as useful. Both regulated and unregulated tap mechanisms are available for use with the CO 2 cartridges. The unregulated type, used for inflating bicycle tires, had an outlet pressure of almost 5,800 kpa and could not be controlled adequately with a high-pressure needle valve, so was discarded. Of the regulated types, 2 types of mini-regulators, normally used for pressurizing small beer kegs, were tested for their ability to reliably provide low, constant flow rates.
The small flow rates required of these mini-regulators and delivery systems were below those that could be measured using meters designed for large applications. Consequently, the water displacement method was used to measure the CO 2 discharged by the delivery systems, using an inverted water-filled measuring cylinder to collect the gas. A tailpiece and aquarium airline needle valve, hereafter referred to as a tap, was connected to each mini-regulator and a length of plastic aquarium airline tubing was run into the measuring cylinder for each test.
Both mini-regulators allowed the CO 2 discharge pressure to be set, as indicated by the in-built pressure gauge dial, but only once there was sufficient resistance to flow in the form of the inline tap. A mini-regulator alone could not deliver the small flow rates needed, and a combination of settings of both the inline tap and the mini-regulator output pressure were required to achieve the correct flow rates. With the inline tap closed, the gas supply could be turned on using the mini-regulator's pressure regulation knob and the outlet pressure could be set (in these trials initially to 35 kpa or 5 psi). The inline tap was then adjusted to release the CO 2 into the measuring cylinder at the required rate. Once the inline tap was correctly set, the mini-regulator alone could be used for all subsequent operations to turn the gas supply on and to set the outlet pressure to the required level. Trials were carried out using the 2 different models of mini-regulators and each was run for varying lengths of time to determine the consistency of the flow rate for a chosen outlet pressure. One regulator model had a finer resolution gauge for low pressures (≤ 35 kpa or 5 psi) but both had similar graduations for higher pressures.
results
The devices were operated to determine flow rates over time and at different pressures. The regulator with the finer dial resolution for low pressures (Fig. 1) was operated for various time periods and the output volume recorded (Fig. 2) . The resultant regression had an R 2 of 0.97 with an average flow rate of 6.76 ml/s (406 ml/min). The non-zero intercept of −14.6 ml indicated a slight delay in bringing the gas flow up to the desired pressure level when starting the unit. The unit also was run at higher output pressures to determine the effect on the gas flow rate. With the inline tap still on its original setting, doubling the output pressure (70 kpa or 10 psi) produced a flow rate of 11.0 ml/s while tripling it produced 12.0 ml/s.
To compare the 2 types of mini-regulators, they were firstly calibrated to deliver the same desired flow rate of 400 ml/min at a regulator pressure of 35 kpa. They were both run at the higher pressures of 70 and 105 kpa and the time taken to discharge 200 ml of gas was recorded. The ELLIS-COMPACT SYSTEM FOR FIELD EUTHANASIA 1213 flow rates at the higher pressures were markedly different between the 2 models of mini-regulator indicating that each system needs to be individually calibrated before being taken into the field.
Finally, both delivery systems were exposed to field conditions to assess their stability under such conditions. Each kit comprised of a 2-liter plastic container, five 16-g CO 2 cartridges weighing a total of 260 g, a mini-regulator with tubing and inline tap, and cloth padding; the total weight of a kit was about 0.75 kg. They traveled for over 1,000 km in a 4WD vehicle during the austral summer and were carried into the field wrapped in cloth and packed inside 2-liter plastic containers. At the conclusion, they were each tested and were found to still dispense CO 2 at the required rate.
discussion
People working with wildlife in the field need to be able to effectively care for the animals they study, and this includes the possible need to undertake euthanasia. Although the use of cervical dislocation or blunt force trauma is a rapid way to euthanize a small mammal with minimal need to carry equipment, the person involved, or the ethics committee they report to, may consider that they are unable to perform the task adequately. However, it is also undesirable to have to transport an injured animal for long periods to seek qualified assistance. Under these circumstances, the availability of a method that relies on a mechanical system to ensure the correct application of an euthanasia agent may be desirable. CO 2 is such an agent with the advantages of it being non-toxic per se, and it can be acceptably used at a range of flow rates. In an ideal situation, a flow meter would be used to achieve the flow rates set out in the AVMA (2013) guidelines, but the flow rates for small containers are too low to be accurately measured by common industrial gas meters. This could be overcome by the use of large receiving chambers, but that in turn requires large supplies of CO 2 to operate, rendering the equipment too cumbersome to be transported for occasional use in field situations. Furthermore, large volumes of CO 2 could be hazardous to the researcher if a leak occurred. The availability of sealed small CO 2 cartridges and the recent advent of mini-regulators mean that it has become feasible to miniaturize a CO 2 euthanasia system so that it can be carried safely into the field, even by a person operating on foot, when working with small animals.
The use of a mini-regulator with an inbuilt pressure gauge, once flow rate had been established by setting an inline tap, allows for the repeated supply of a required flow rate of CO 2 . There will be small variations in the volume of gas discharged at different air pressures and absolute temperatures, but currently there is considerable leeway either side of the preferred flow rate of 20% per minute. If needed, the precision of the gas discharge rate can be improved by doing the calibration of the unit under the conditions likely to occur during field work (such as lower air pressure due to high altitude).
The delivery system described here also allows for some flow rate adjustments in order to suit different-sized receiving chambers. Once the inline tap is set, and the discharge rate has been calculated for various mini-regulator pressure settings, the operator has the ability to adjust the flow rate by altering the mini-regulator output pressure. For example, one of the units in this trial that produced the correct flow rate for a 2-liter container when the mini-regulator was set to 35 kpa achieved a flow rate of 660 ml/min by increasing the mini-regulator pressure to 70 kpa. This rate is suitable for supplying CO 2 to containers with volumes between 2.2 and 6.6 liters, with 3.3 liters being the size for a 20% per minute displacement rate. This coincidentally corresponds to the volume of a 10 × 10 × 33 cm metal box trap. It must be noted that such a trap is too leaky to be used by itself to retain CO 2 , so would need a secondary, non-inflating cover such as a plastic case or a tight-fitting plastic sleeve; in both cases, the cover would require a sufficiently large exit hole to prevent pressure build-up.
The CO 2 cartridges used in this design are especially convenient due to their low cost per unit (typically < $1 each for a 16-g cartridge), small size, being available in food-grade quality to avoid irritants, being completely sealed until inserted in the mini-regulator, and their robustness for transport. They come in a variety of sizes, commonly 8-25 g but larger sizes are available, and since each gram of CO 2 expands to about 0.5 liter of gas, varying only slightly with air pressure and temperature, it is easy to select the cartridge size needed to effectively wash out a chamber (see section M1.2 Principles Governing Administration in the AVMA [2013] guidelines for an explanation of the volumes and times needed to achieve various CO 2 concentrations in the receiving chamber). The mini-regulator with its tap and tubing, cartridges, and records of the flow rate under different pressure settings for each individual unit can be readily stored and transported in the correctly sized container to be used as the receiving chamber. The chamber would require suitably located inlet and outlet holes drilled in it to match the size of the tubing used. The size and total weight of this unit means it is easily stored in a vehicle and is low enough for carrying on foot around study areas if deemed necessary.
The use of small gas cartridges has an important safety advantage because should a cartridge accidentally rupture, only a small volume of gas is released. For example, a 16-g cartridge discharged with a 1-m 3 space would only release about 8 liters of CO 2 , increasing the air concentration of CO 2 by 0.8%.
Clearly, if euthanasia is to be frequently performed then the biologist should be trained and proficient in methods requiring little equipment, or they need to be prepared to move the required equipment around, or move the animals to the equipment if that is acceptable. For people who rarely need to perform euthanasia and feel unable to use physical means or prescribed chemicals and are unable to takes animals to veterinary assistance in a reasonable time or manner, a CO 2 euthanasia kit using a mini-regulator can be easily assembled, calibrated, and be taken during field work. Additional cartridges are easy to obtain and have an indefinite shelf life. Like all field equipment, it should be checked regularly to make sure that it is still operating within the desired flow rates tolerances. Thus, if it is ever needed it can be quickly set up and operated in a well-ventilated area to achieve the standards for euthanasia as outlined in the AVMA (2013) guidelines.
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